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Introduction
Copper(II) sulfate is one of the first compounds encountered by many budding chemists, with the distinctive blue colour of the pentahydrate readily recognisable. It is used in a wide range of school experiments including crystal growing, dehydration and copper plating. Copper (II) sulfate also has many industrial applications including use as a fungicide, algaecide and molluscicide, [1] [2] [3] and as an activator in the concentration by froth flotation in the mining industry. 4 A wide variety of copper(II) sulfate minerals are also known in which the copper(II) and sulfate ions occur together with anions such as hydroxide, 5, 6 or cations such as sodium or potassium. 8 whereas reactions involving chelating ligands have afforded sulfate-bridged dimers. 9 Sulfates can link copper(II) centres into aggregates such as hexamers 10 and tetramers, 11 that can themselves be further cross-linked into extended structures. Coordination networks can even be formed in the absence of additional ligands, and a number of anionic copper(II) sulfate structures have been reported in which the charges on the anions are balanced by included ammonium cations. 12 In this paper we report the synthesis and characterisation of three new copper(II) sulfate compounds, in which anionic copper-sulfate aggregates and chains are charge balanced by dimethylammonium ions derived either from the hydrolysis of the N,N'-dimethylformamide (DMF) solvent 13 temperature. Turquoise crystals started to appear after a week, but the crystals were left in the mother liquor for a further two weeks after which they were harvested. The powder X-ray diffraction pattern of the product matches that simulated from the X-ray crystal structure (Fig.   S3 ).
X-ray crystallography
X-ray diffraction data on structures were collected on a Nonius Kappa CCD diffractometer, using Mo-Kα radiation of wavelength 0.71073 Å at 150 K. Crystal data and details of the structural refinements are given in Table 1 . The structures were solved using SHELXS-97
and refined using full-matrix least squares in SHELXL-97. 15 The final refinements were generally straightforward. Unless noted below, all non-hydrogen atoms were refined anisotropically in the final least squares run, and hydrogen atoms were included at calculated positions. In the structure of 2, one of the dimethylammonium cations (that based on N(3)), was disordered in a 80:20 ratio. Only the major occupancy fragment atoms therein were refined anisotropically. Oxygen bound hydrogen atoms for 3 were located and refined at 0.98 Å from the relevant parent atoms, whereas in 1-3 nitrogen bound hydrogen atoms were located and refined at 0.92 Å from the relevant parent atoms. with the compound undergoing a series of structural changes over the course of a month.
Compound 2 was prepared as tiny yellow-green crystals by heating CuSO 4 ·5H 2 O in DMF at 95 °C for 24 hours. As with 1, compound 2 is metastable, undergoing a series of structural changes over several weeks, as witnessed by changes in the powder X-ray diffraction patterns.
When water was added to the DMF solvent, the reaction gave a turquoise solid that was shown by powder X-ray diffraction to be Cu 3 (SO 4 )(OH) 4 , which is the mineral antlerite. Table 2 . Selected bond lengths (Å) and bond angles (°) for 1. Primed atoms generated by the symmetry operation -x + 2, -y, -z.
93.17 (17) O ( In the crystal structure of 1, the anions are linked into sheets by hydrogen bonding to the dimethylammonium cations (Fig. 1c) . The hydrogen bonds primarily involve the non- (Fig. 2a) . However, there are two significant differences between the aggregates in 1 and 2. Firstly, in 2, the copper(II) centres involved in edge-sharing, Cu(1), exhibit square pyramidal geometry, with a τ value of 0.04, in contrast to the equivalent square planar centres in 1. In 2, Cu(1) is additionally coordinated to an oxygen atom from the sulfato ligand bridging between the copper(II) centres at the ends of the two tetrahedra.
The axial contact -Cu(1)-O(10) 2.214(2) Å -is longer than those in the basal plane (Fig.   2b ). The coordination geometries of Cu (2) Fig. 3a) as in 1, though the µ 2 -sulfato groups bridge between these aggregates to form a twodimensional coordination network (Fig. 3b) , which is linked into a three-dimensional structure by the potassium ions. Notably, like 1 and 2, fedotovite has been observed to be unstable in air. (Fig. 4a) . These tapes are reinforced by µ 4 -SO 4 ligands (Fig. 4b) . Selected bond lengths and angles for 3 are presented in Table 4 . Table 4 . Selected bond lengths (Å) and bond angles (°) for 3. Primed atoms generated by the symmetry operation x + 1, y, z. Double primed generated by the symmetry operation -x, -y + 2, -z + 2. Triple primed generated by the symmetry operation -x + 1, -y + 2, -z + 2.
76.60 (10) The copper(II) centres Cu(2) and Cu(3) link the triangles together into the tapes. These both exhibit tetragonally distorted octahedral geometries, and are coordinated to two hydroxyl oxygen atoms and two µ 3 -sulfato oxygen atoms in the equatorial plane, with two longer contacts to the µ 4 -sulfato oxygen atoms in the axial positions. The copper(II) centre Cu (1) also has a tetragonally distorted octahedral geometry, and is coordinated to a hydroxyl group, two aqua ligands and a µ 3 -sulfato oxygen atom in the equatorial plane, and to two µ 4 -sulfato oxygen atoms in the axial positions. Although triangular Cu 3 (µ 3 -OH) building blocks are relatively well-known in both discrete compounds 19 and polymeric arrays, 16 there are only three previously reported examples of compounds containing Cu 3 (µ 3 -OH)(µ 3 -SO 4 ) units, in which the second face of the triangle is capped by a sulfato ligand. These are a discrete Cu 3 compound that was reported by Beckett and Hoskins in 1972, 20 and two Cu 10 (SO 4 ) 8 aggregates that were reported more recently. 21, 22 Given the proximity of the 3d 9 copper(II) centres in 1-3, their magnetic properties are potentially interesting. In order to explore this, magnetic measurements were undertaken on AC (alternating current) magnetic susceptibility studies, which monitor the response of a material's magnetic moment to an applied oscillating magnetic field, were also undertaken for the two compounds. The plots of the AC susceptibility in-phase (χ') component and outof-phase (χ'') component for both 1 and 3 show the absence of χ'' (Fig. S5, S6 ) which is probably the result of the small canting angle. Therefore the magnetisation is almost cancelled when the spin carriers are antiferromagnetically coupled and only slightly canted.
Canted antiferromagnetic behaviour has been observed previously in copper(II) compounds, 23, 24 including the copper-hydroxy-sulfate mineral brochantite, Cu 4 (OH) 6 6 aggregates, inter-connected by either hydrogen bonding or bridging sulfates, and the only previous report of these aggregates is in the rare copper sulfate mineral fedotovite. The third compound, 3, has a tape structure in which triangular Cu 3 (OH)(SO 4 ) units share vertices. Magnetic measurements revealed that 1 and 3 are both spin-canting metamagnetic systems, which is similar to the behaviour previously observed in some two-and three-dimensional copper(II)-containing networks. [23] [24] [25] [26] Field-induced responses were observed below 5 K, with the critical field indicating metamagnetic behaviour from antiferromagnetic to ferromagnetic equal to 110 Oe for both compounds.
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